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Abstract

We characterized surfactant-modified zeolite (SMZ) for its ability to sorb organic and
inorganic contaminants from water. Our ultimate objective isto use SMZ as a permeable barrier
to prevent migration of contaminants in groundwater. This paper summarizes results under Phase
| of athree-Phase project leading to afull-scale field demonstration of SMZ permeable-barrier
technology.

We prepared alarge batch (30 kg) of SMZ using simple mixing equipment. We
determined that the SMZ sorbed up to 210 mmol kg™ (6 % by weight) of the surfactant
hexadecyltrimethylammonium bromide (HDTMA-Br), and lesser amounts of HDTMA-CI and
HDTMA-HSO,. The SMZ was effective in sorbing the contaminants chromate and
perchloroethylene (PCE) from agueous solution. Up to 14 mmol kg™ (about 1600 mg kg'™) of
chromate could be sorbed onto SMZ from distilled water. Sorption from chromate-contaminated
waters from Elizabeth City, NC, and Hanford, WA, was somewhat lower, but SMZ still removed
more than 90 % of dissolved chromate. Similarly, SMZ removed more than 85 % of PCE from
ditilled water and waters from Elizabeth City and Oak Ridge, TN.

The SMZ was resistant to chemical and biological deterioration. More than 90 % of the
origina surfactant treatment remained on the SMZ after washing with 100 pore volumes of acidic
(pH 3), basic (pH 9), reducing (0.1 M N&S,0,), or high ionic strength (1.0 M CaCl,) solutions.
Low ionic strength solutions (deionized water and 5 % H,0,) removed about 20 % of the
surfactant treatment after 100 pore volumes. Only 1.0 M CsCl was able to remove more than 20
% of the surfactant after 100 pore volumes.

More than 95 % of the original surfactant treatment remained intact on the SMZ after 2-4
months incubation under aerobic and anaerobic conditions. In addition, SMZ did not inhibit
microbia activity.
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We were able to regenerate SMZ saturated with chromate or PCE. Chromate-saturated
SMZ was regenerated by washing with 0.28 M Na,CO5/0.5 M NaOH. Perchloroethylene-
saturated SMZ was regenerated by air stripping. Both of these regeneration methods could be
used for in situ regeneration. The regenerated material fully regained its original sorption
capacity for chromate and PCE.

Laboratory column transport experiments were designed based on the sorption and
stability behavior of the SMZ. We passed a nonreactive tracer and solutions of chromate and
PCE in smulated groundwater through packed beds of SMZ. The contaminant transport behavior
was well predicted from the batch sorption results and the hydraulic properties of the SMZ.

We estimate the cost of SMZ in large quantities to be $350 to $500 ton™ ($10 to $15 ft).
This makes it very cost-competitive with other large-volume sorbents/reactants such as activated
carbon, ion-exchange resins, and iron filings.

The Phase | work proved that SMZ is a stable and effective sorbent for removing metallic
and organic contaminants from water. In Phase |1, currently in progress, we will perform a pilot-
scale test of a SMZ permeable barrier under controlled conditions. In optional Phase 111, which
beginsin December 1997, we will test afull-scale SMZ permeable barrier at an actual
contaminated site.



1.0 INTRODUCTION

A. Statement of the Waste Management Problem

Environmental cleanup of DOE and other government and military facilities has become a
high priority. Disposal at many of these sites (such as Los Alamos, Hanford, Rocky Flats, Oak
Ridge, and others) has resulted in low-level wastes that are distributed in shallow, broad areas.
These wastes are complex mixtures that often include chromate and chlorinated and non-
chlorinated organic compounds. Many sites have contamination that is spreading and needs
containment. In fact, containment may be the best short- and long-term solution for many DOE,
DOD, Superfund, industrial, landfill, and mining sites. Site closure and post-closure monitoring
are regulatory requirements under Superfund (CERCLA and/or SARA), RCRA, and DOE Order
5820.2A. Monitoring periods extend from 30 to 100 years for hazardous and radioactive
contaminants, respectively, indicating the need for long-term, low-maintenance, and low-cost
solutions. The development of sorbent/reactive materials for permeable barriers will provide a
better tool for dealing with these complex contamination problems.

Contaminants at the above-mentioned sites are often mixed wastes that may be mobilein
groundwater, posing immediate risks to on- and off-site receptors. A particularly difficult
problem is the presence of residual contamination by water-immiscible organics that cannot be
removed by traditional pump-and-treat methods (Fetter, 1993). Low concentrations of organics
are continuoudly released into the groundwater by slow dissolution of the residual liquid. Metals
such as arsenic, hexavaent chromium, and selenium are aso often present at these sites. These
metal species are negatively charged (anionic) and are therefore mobile in most aquifers.
Conventional treatment processes are typically ineffective for the removal of these anionic
compounds. The use of surfactant-modified zeolite (SMZ) in permeable barriers appears to offer
unique advantages over conventional processes in removal of both anionic metals as well as
dissolved organic compounds from solution.

B. Physical and Chemical Features of Surfactant-Modified Zeolites

Zeolites are hydrated aluminosilicate minerals characterized by cage-like structures, high
internal and external surface areas, and high cation exchange capacities. Both natural and
synthetic zeolites find use in industry as sorbents, soil amendments, ion exchangers, and molecular
sieves. Clinoptilolite is the most abundant naturally occurring zeolite. It has a two-dimensional 8-
ring and 10-ring channel structure with the largest cavity dimension measuring 4.4 by 7.2
(Newsom, 1986). The unit-cell formulais (Ca, Na, K2)3 [AlsSiz072] 24H,0. The low cost of
natural zeolites ($60-$100/ton) makes their use attractive in water treatment applications.

Zeolite chemistry resembles that of smectite clays. In contrast to clays, however, natural
zeolites can occur as millimeter- or greater-sized particles and are free of shrink-swell behavior.
As aresult, zeolites exhibit superior hydraulic characteristics and are suitable for use in filtration
systems (Breck, 1974) and as permeable barriers to dissolved chemica migration. Interna and
external surface areas up to 800 m?/g have been measured. Total cation exchange capacitiesin
natural zeolites vary from 25 to 300 meg/100 g (Ming and Mumpton, 1989; Sheppard and Gude,
1982). Externa cation exchange capacities have been determined for a few natural zeolites and
typically range from 30 to 50 percent of the total cation exchange capacity (Flynn, 1994).

Dueto their large specific surface areas and high cation exchange capacities, natural
zeolites have a high affinity for cationic heavy metals such as Pb** and Cd?*. Zeolites have been



used commercially to remove Pb** and ammonia (NH,") from waste waters (Groffman et al.,
1992; Mumpton and Fishman, 1977). However, natura zeolites have little affinity for inorganic
anions such as chromate (CrO,*) or for dissolved organics.

Treatment of natural zeolites with cationic surfactants dramatically alters their surface
chemistry. The large organic cations exchange essentially irreversibly with native cations such as
Na', K*, or Ca®*. Surfactant modification of zeolites enables them to sorb neutral molecules such
as benzene and chlorinated hydrocarbons including tetrachloroethene and 1,1,1-trichloroethane,
while retaining their ability to sorb heavy metal cations (Bowman et al., 1995; Flynn, 1994; Nedl,
1991; Huddleston, 1990). It has aso been shown that strongly hydrolyzed, anionic metals such as
arsenic, chromium, and selenium are selectively removed by SMZ (Haggerty and Bowman, 1994).
The removal of these toxic anions is also quite dramatic. While a variety of surfactants can be
used for ateration of zeolite surface chemistry (Neel, 1991; Huddleston, 1990),
hexadecyltrimethylammonium (HDTMA) is preferred due to its ready availability and low cost.

The work described above shows that SMZ can simultaneously remove organics,
inorganic cations, and inorganic anions from contaminated water.

C. Intended Use of the Technology

Because of the broad sorptive capabilities of SMZ, its superior hydraulic characteristics,
itslow unit cost, and the historical use of zeolites in water treatment facilities, this materia is very
promising as a sorbent for in situ treatment of contaminated groundwater. Figure 1-1 showsa
schematic diagram of SMZ used in a permeable barrier installation.

Barrier materials which retain organic compounds, radionuclides, and other hazardous
contaminants while allowing the passage of groundwater are needed to prevent plume migration
from near-surface waste sites. Such barriers will allow concentration of contaminants in a narrow
zone, increasing the efficiency and lowering the costs of other in situ treatment methods such as
enhanced biodegradation or air stripping. This project isaimed at completely characterizing the
sorptive properties of SMZ and demonstrating its use as a permeable barrier in afull-scale field
installation.



Backfill

Surfactant
Modified

Zeolite
\

Purified .
Ground Water

Figure 1- 1 Schematic diagram of SMZ in a permeable barrier installation.



20 SCOPE OF WORK

A. Objective

The overal objective of this effort is to develop and test a zeolite-based permeable barrier
system(s) for containing and remediating contaminated groundwater. The projected product is an
engineered and tested permeable barrier system that can be adopted by the commercial sector.

B. Phases

The project consists of three phases. abase phase (Phase 1), which this report
summarizes, and two optional phases (Phases |1 and I11). In Phase | we characterized the stability
of SMZ aswell asits properties with respect to sorption and transport of target groundwater
contaminants. In optional Phase 11, we will perform pilot-scale tests of a permeable barrier system
using engineering criteria relevant to field-scale problems and devel op a standard protocol for
testing barrier technology. In optional Phase 111, we shall test the Phase | and Il barrier
technology at afield demonstration site to determine its efficacy and commercial vaue.

The specified Tasks of the three phases are listed below.

Phase I: Laboratory Bench Testing and Analysis (Duration: 15 months)

Task 1.1 Information required for the National Environmental Policy Act

Task 1.2 Develop laboratory production of SMZ

Task 1.3 Determine effects of site-specific water chemistry on sorption of target compounds

Task 1.4 Determine the long-term stability of SMZ

Task 1.5 Determine the possibility of regenerating SMZ

Task 1.6 Determine the ability to predict contaminant movement through beds of SMZ
Task 1.7 Topica Report

Phase II: Pilot-Scale Testing of Barrier Technology (Duration: 15 months)
Task 2.1 Information required for the National Environmental Policy Act
Task 2.2 Identify a suitable test-bed facility

Task 2.3 Develop experimental, quality control, and analysis protocol for pilot-scale
engineering testing

Task 2.4 Develop engineering criteriafor barrier technology installation

Task 2.5 Pilot-Scale Testing and Analysis

Task 2.6 Topica Report

Phase I1I: Field Demonstration (Duration: 15 months)

Task 3.1 Information required for the National Environmental Policy Act

Task 3.2 |dentify field demonstration site(s) and develop action plan for demonstrating
barrier technology

Task 3.3 Develop experimental. quality control, and analysis protocol for the
field site demonstration

Task 3.4 Conduct field demonstration experiments and engineering analysis

Task 3.5 Compare Phase |, I1, and 111 results
Task 3.6 Final Report



3.0 METHODOLOGY
Task 1.1 Information required for the National Environmental Policy Act

The appropriate documentation was submitted prior to initiation of the Phase | [aboratory
experiments.

Task 1.2 Develop laboratory production of SMZ

The major objective under this task was to develop methods to produce large quantities
(kilograms to tons) of SMZ, which will be required for work under Phase Il and Phase I11. One-
half ton of sized zeolite (14-40 mesh, 1.4- 0.4 mm) was obtained from the producer (St. Cloud
Mining Co., Truth or Consequences, NM). This material was used for all Phase |
experimentation.

A. Mineralogical characterization of zeolite

The mineralogical and elemental composition of the zeolite was determined by X-ray
diffraction and X-ray fluorescence spectroscopy, respectively. The elemental composition was
determined both before and after treatment with HDTMA.

B. Determination of HDTMA sorption by zeolite

Previous work (Haggerty and Bowman, 1994; Bowman et a., 1995) had shown that
HDTMA was sorbed by zeolite quantitatively up to a sorption maximum, or plateau, beyond
which little additional HDTMA was retained. The first step, thus, was to characterize the
HDTMA sorption maximum for this batch of zeolite. We prepared a sorption isotherm by
combining 5 g of zeolite with 20 mL of HDTMA-Br, HDTMA-CI, or HDTMA-HSO, solution in
a polyallomer centrifuge tube. Duplicate samples and appropriate blanks were prepared for each
initial condition. For these experiments we utilized **C-HDTMA to provide accurate quantitation
of HDTMA sorption. Each zeoliteeHDTMA mixture was shaken for 24 hat 25 C (aperiod
shown in preliminary experiments to be sufficient to attain equilibrium), centrifuged, and 1 mL of
the clear supernatant solution analyzed vialiquid scintillation counting. The amount of HDTMA
sorbed was determined from the difference between initial and final solution concentrations.

C. Preparation of HDTMA-modified zeolite

We prepared 30 kg of HDTMA-modified zeolite. Thiswas a quantity sufficient for al
Phase | experimentation, and intermediate between laboratory-scale and field-scale quantities. We
thus gained experience relevant to producing the large quantities of modified zeolite required for
Phases Il and I1l. We targeted an HDTMA treatment level of 90% of the sorption maximum
(200 mmol HDTMA/kg zeolite). We combined 120 L (32.0 gal) of 0.056 M HDTMA-Br
solution with 30 kg (66 Ib) of zeolitein a273 L (73 gal) metal drum. The urry was mixed with
aflat-blade stirrer at low speed for 72 h. The concentration of HDTMA remaining in solution
was determined by HPLC, which verified that >95% of the added HDTMA had been sorbed by
the zeolite. The supernatant solution was drained, the zeolite was rinsed once with tap water
under gentle stirring, the rinse water was drained, and the wet HDTMA-modified zeolite was



spread on plastic sheeting to air-dry. The dry zeolite was homogenized by passing it through a
soil splitter and then packaged in 5-kg quantitiesin plastic bags.

This 30-kg batch prepared with HDTMA-Br was used for the majority of the testing in
Tasks 1.3, 1.4, 1.5, and 1.6. Some smaller batches of SMZ were prepared using HDTMA-Cl and
HDTMA-HSO, in order to test the effects of different counterions on HDTMA sorption to
zeolite and on the contaminant sorption properties of the resultant SMZ.

Task 1.3 Determine effects of site-specific water chemistry on sorption of target
compounds

The major objective under this task was to determine how other components in actual
contaminated groundwaters would affect sorption of target contaminants by SMZ. We chose
chromate as an inorganic contaminant of environmenta concern that is representative of mobile
oxyanions such as arsenate, selenate, molybdate, and pertechnetate. Other work (Haggerty and
Bowman, 1995; unpublished data) has shown that all of these species are sorbed by SMZ. We
chose PCE as an organic contaminant of environmental concern which was representative of
nonpolar organics such as chlorinated solvents and fuel components. We have shown (Bowman
et a., 1995) that the SMZ sorption of a wide range of nonpolar organicsis highly correlated to
the organic’s octanol/water partition coefficient (Koy). Thus, water-specific effects determined
for PCE sorption are relevant to the sorption of other organics by SMZ.

A. Test waters

Four different waters were used as background solutions in tests of chromate and PCE
sorption. The first was deionized (Type |) water with apH of 7. Sorption from deionized water
served as the standard to which sorption from other waters was compared. The other waters
were synthesized based on analyses from actual groundwater contamination sites. The second
water was from a contaminated Coast Guard facility in Elizabeth City, NC, which has a
commingled chromate and PCE plume. The third water was from a chromate-contaminated
spring (100-H) which discharges into the Columbia River at DOE’s Hanford facility in
Washington. The fourth water was from PCE-contaminated groundwater near the Y-12 plant at
DOE’s Oak Ridge National Laboratory. The analysis of mgjor cations and anions for each of
these waters is presented in Table 3-1.

B. Chromate sorption

Chromate sorption was determined in matrices of deionized water and test waters from
Elizabeth City and Hanford (Table 3-1). Sorption isotherms were prepared using initial chromate
concentrations of 12.5t0 800 mg L™. Duplicate samples and appropriate blanks were prepared
for each initial condition. For each initial condition, 20 mL of the appropriate chromate solution
was added to 5 g of SMZ in a50-mL polyallomer centrifuge tube. The tubes were shaken for 24
h at 25° C (preliminary experiments showed equilibrium was attained within 1 h), centrifuged, and
the supernatants analyzed for chromate via HPLC. Chromate sorption was determined from the
difference between initial and final solution concentrations, with appropriate corrections based on
blanks.



Table 3- 1 Test water analyses. Concentrations in mg L™.

Water Source

Deionized Elizabeth City, Hanford, Oak Ridge
_Species Water North Carolina Washington National Lab
Al 0.0 0.07 0.0 31
ca 0.0 25.7 33.46 56.5
Fo 0.0 0.21 0.0 245
Mg 0.0 16.0 5.83 6.57
K" 0.0 0.0 1.56 5.30
Na 0.0 81 9.89 145
o 0.0 103 3.19 295
(HCOy) 0.0 57.0 50.11 1705
(SO,)* 0.0 82.0 23.05 12.2
lonic Strength 0.000 0.009m 0.005m 0.007m
pH 7.0 7.7 7.9 6.9

C. PCE sorption

PCE sorption was determined in matrices of deionized water and test waters from
Elizabeth City and Oak Ridge. Sorption isotherms were prepared using initial PCE
concentrations of 50 to 200 mg L™. For some of the experiments *“C-labeled PCE was used to
simplify quantitation; preliminary experiments showed that this quantitation method yielded the
same results as PCE analysis by GC. Duplicate samples and appropriate blanks were prepared for
each initia condition. For each initial condition, 10 mL of the appropriate PCE solution was
added to 2.5 g of SMZ in 10-mL glass crimp-top vials with Teflon-lined septa. All manipulations
were done under zero headspace conditions to prevent volatilization of PCE. The viaswere
shaken for 24 h at 25° C (a period shown in preliminary experiments to be sufficient to attain
equilibrium), centrifuged, and the supernatants analyzed via GC, or vialiquid scintillation
counting in the case of the “*C-labeled experiments. Perchloroethylene sorption was determined
from the difference between initial and final solution concentrations, with appropriate corrections
based on blanks.

Task 1.4 Determine the long-term stability of SMZ
The major objective under this task was to determine resistance of SMZ to chemical and

biological deterioration. Reaction conditions were chosen to simulate aggressive chemical
environments as well as aerobic and anaerobic environments. We evaluated the stability of SMZ



prepared with both HDTMA-Br and HDTMA-CI, since we found that the HDTMA sorption
maximum and the affinity of the resultant SMZ were affected by the HDTMA counterion. The
SMZ was prepared as described under Task 1.2, using *C-labeled HDTMA. The raw zeolite was
treated to about 90% of the sorption maximum with HDTMA (196 mmol kg™ and 143 mmol kg™
for HDTMA-Br and HDTMA-CI, respectively) to prepare SMZ for the stability experiments.

A. Chemical stability

Two and one-haf grams of SMZ was placed in a50-mL polyallomer centrifuge tube and
15 mL of the appropriate chemical solution added. The seven different chemica conditions tested
arelisted in Table 3-2. Each initial condition was prepared in duplicate for SMZ prepared both
with HDTMA-Br and HDTMA-CI. Each mixture was shaken for 24 h at 25° C, centrifuged, and
10 mL of the supernatant removed and analyzed for *C-labeled HDTMA. Ten milliliters of fresh
chemical solution was then added, and the equilibration and centrifugation repeated. The entire
procedure was repeated a total of eleven times, equivalent to passing approximately 100 pore
volumes of the test solution through abed of SMZ. The cumulative amount of HDTMA removed
by the repeated chemical washings was determined by summing the amount removed with each
wash.

Table 3- 2 Solutions used to evaluate chemical stability of SMZ.

Condition Simulated Chemical Solution
Base case Deionized water
Acidic pH 3 phthalate buffer
Basic pH 10 carbonate buffer
Oxidizing 5% H,0,

Reducing 0.1 M NaS,0,

High ionic strength 1.0M CaCl,

Cation competition 1.0M CsCl

B. Biological stability

The resistance of SMZ to microbial degradation was determined using microcosms (Fig.
3-1). Each microcosm consisted of a 50-mL Erlenmeyer flask with a hanging cup containing 0.3
M NaOH solution. Five grams of SMZ prepared with **C-labeled HDTMA was placed in each
flask along with nutrient solution and activated sludge from the Socorro sewage treatment plant
to provide a diverse community of active microorganisms.  The **CO, evolved by microbial
degradation of HDTMA was trapped in the NaOH solution, which was analyzed periodically
using liquid scintillation counting.

Six different experimental conditions were evaluated as summarized in Table 3-3. The
conditions included aerobic, anaerobic, unsaturated, and water-saturated. We aso included two
poisoned controls with SMZ and two aqueous solutions of HDTMA without zeolite. Eachinitia
condition was prepared in quadruplicate for SMZ prepared with both HDTMA-Br and HDTMA -
Cl. The SMZ-free systems used 0.66 mM solutions of HDTMA-Br or 50 mM solutions of



HDTMA-CI. To smulate anaerobic conditions, the headspace of the biometer flask was flushed
with N, gas.

CO, evolved will be
trapped in NaOH solution

Hanging cup with

0.4 mL of 0.3 M NaOH Filter paper

N, for anaerobic condition

14C HDTMA SMz
+ nutrient ——» §
+ activated sludge

Figure 3- 1 Schematic diagram of microcosm used in biological stability determinations.
Table 3- 3 Experimental conditions used to evaluate biological stability of SMZ.

Treatment  Experimental Conditions Nutrient Solution  Activated Sludge

Added (mL) Added (mL)
A 5 g SMZ, unsaturated, aerobic 2 2
B 5 g SMZ, unsaturated, poisoned (HgCl.) 2 2
C 5 mL HDTMA aqueous solution 1 1
D 5 mL HDTMA aqueous solution, poisoned (HgCl,) 1 1
E 5 g SMZ, saturated, anaerobic (N,) 5 5
F 5 g SMZ, saturated, aerobic 5 5

The NaOH solution was analyzed for **C activity every two weeks for atotal of 16 weeks
for the aerobic treatments and a total of 10 weeks for the anaerobic treatments. After each
sampling, the aerobic flasks were flushed with air and the anaerobic flasks were flushed with N..
Periodically during this period, samples from the flasks were inoculated onto agar plates to check
for the presence of microbia activity.



C. Advanced microscale characterization of SMZ surface stability

We used state-of-the-art surface characterization techniques to determine the
configuration and stability of HDTMA on the zeolite surface. Untreated zeolite and SMZ were
imaged using atomic force microscopy at a resolution of afew nm using a Nanoscope |11
Scanning Probe Microscope operating a Multi-Mode Atomic Force Microscope (Digital
Instruments, Santa Barbara, CA). The thermal stability of the HDTMA on SMZ was determined
using high-resolution thermogravimetric analysis with a Hi-Res™ TGA 2950 (TA Instruments,
New Castle, DE). The energetics of HDTMA sorption onto zeolite were determined using a
Tronac isothermal solution calorimeter (Tronac, Inc., Orem, UT). The atomic force microscopy
and thermogravimetric analysis were performed in collaboration with Dr. Douglas Hunter at the
Savannah River Ecology Laboratory (Aiken, SC); more detail on the methodology may be found
in Sullivan et al. (1996). The microcalorimetric analyses were performed in collaboration with Dr.
J. William Carey of Los Alamos Nationa Laboratory (Los Alamos, NM); more detail on the
methodology may be found in Carey et al. (1996).

Task 1.5 Determine the possibility of regenerating SMZ

The major objective under this task was to determine how to regenerate SMZ saturated
with inorganic or organic contaminants. We focused on methods that would allow regeneration
of SMZ both ex situ (for instance, when used in a packed bed filtration system) and in situ (for
instance, when SMZ isinstalled as a permeable barrier). We aso evaluated the capacity of the
regenerated material to sorb chromate and PCE.

A. Chromate

We tested a variety of chromate extraction reagents based on methods published in the
literature (James et al., 1995; Osokov and Bozzelli, 1994; Pulset al., 1994; James and Bartlett,
1983) and also developed our own extractants. The ten extraction reagents we evaluated are
listed in Table 3-4. In each case, 2.5 g of chromate-saturated SMZ was shaken for 24 h with 20
mL of extraction reagent, centrifuged, and the supernatant analyzed for extracted chromate. All
experiments were performed in duplicate using SMZ prepared with both HDTMA-Br and
HDTMA-CI.

B. PCE

For regeneration of PCE-saturated SMZ we exploited the volatility of the contaminant.
We first saturated SMZ with **C-labeled PCE. To simulate air stripping, we removed excess
liquid and passed a gentle stream of air over the SMZ for 48 h. We then extracted the SMZ with
hexane to solubilize any remaining sorbed PCE and quantified ““C-PCE in the extract using liquid
scintillation counting. We again performed the experiments in duplicate, usng SMZ prepared
with both HDTMA-Br and HDTMA-CI.



Table 3- 4 Extraction reagents tested for regenerating chromate-saturated SMZ.

Treatment Extraction Reagent

Deionized water

Deionized water, 95° C

5% H,0,

0.01 M K;HPO4/KH,PO,

0.1 M K;HPO4/KH,PO,

0.01 M NaOH

0.1M NaOH

0.28 M N&CO0y/0.5M NaOH

I 0.28 M N&C03/0.5M NaOH, 95° C

I @ m m OO @ >»

J 5% sodium dodecyl sulfate
Task 1.6 Determine the ability to predict contaminant movement through beds of
SMZ

The major objective under this task was to determine if the information generated under
Tasks 1.2, 1.3, and 1.4 could be used to predict mobility of contaminants through packed beds of
SMZ, asin apermeable barrier. To this end, we designed laboratory column experiments using
the transport ssmulation programs CXTFIT (Toride et a., 1995) to predict mobility of PCE,
which follows linear sorption on SMZ, and MOC (Konikow et a., 1994) to predict mobility of
chromate, which follows Langmuir-type sorption on SMZ. In each case, the contaminants were
in amatrix simulating the composition of the groundwater from Elizabeth City (Table 3-1), which
contains a mixed chromate/PCE plume. The experiments were designed to provide the data to
test model predictions within one to two months. Chromate and PCE transport experiments were
performed separately due to the special precautions required for the volatile PCE.

A. Chromate

The experimental setup for the chromate transport experimentsis shown in Fig. 3-2. An
al-plastic system was used to prevent potential interactions of metal fittings with chromate.
Specidly designed low dead-volume Plexiglas columns from Soil Measurement Systems, Inc.,
(Tucson, AZ) were used. The columns were 5.0 cm long with an internal diameter of 5.0 cm.
Duplicate columns were packed to uniform bulk densities with SMZ or with untreated zeolite.
Dry bulk densitieswere 1.01 g cm® (SMZ) and 0.97 g cm® (untreated zeolite). The packed
columns were flushed for 24h with CO, (to provide rapid dissolution of entrapped gas during the
subsequent water saturation) and then saturated from the bottom with chromate-free simulated
groundwater. Flow was from the bottom up in order to minimize bypass aong the column walls.
The groundwater flow rate, provided by a reciprocating syringe pump connected to a reservair,
was constant at 375 mL d* (19.1 cm d™, or 6.6 pore volumes per day). After several days of
flow, during which time the composition of the effluent stabilized, 20 mg L™ chromate and 200
uCi L™ tritiated water (*H,0) was added to the groundwater and pumping was resumed at the



samerate. The *H,0 was used as a nonreactive tracer to determine zeolite hydraulic properties.
About 2.5 pore volumes of *H,O was added while chromate was added continuously after this
point. Beginning with the chromate/*H,0 input, effluent samples were collected every 54 min
using automatic fraction collectors. The effluent samples were analyzed for *H,0 using liquid
scintillation counting and for chromate using HPLC.

i =

Columns Packed Columns Packed
with SMZ with Raw Zeolite

I = |

Syringe Pump

Fluid Reservoir

Figure 3- 2 Schematic diagram of laboratory column setup for chromate transport experiments.

B. PCE

The experimental setup for the PCE transport experimentsis shownin Fig. 3-3. A
stainless steel and Teflon system was used to prevent sorption of PCE by the apparatus. In
addition, all headspace (air) was eliminated from the flow system to prevent PCE mass |osses by
volatilization. Specially designed low dead-volume stainless steel columns from Sail
Measurement Systems, Inc., were used. The columns were 16.5-cm long with an internal
diameter of 5.0 cm. Duplicate columns were packed to the same bulk densities as in the chromate
transport experiments (1.01 g cm™ for SMZ, 0.97 g cm™ for untreated zeolite). The packed
columns were flushed for 24 h with CO, and then saturated from the bottom with PCE-free
simulated groundwater. The simulated groundwater from Elizabeth City (Table 3-1) in this case
also contained 6.41 mg L™ chromate, since chromate is a co-contaminant with PCE in this plume.
The groundwater flow rate (provided by infusion-type, continuous-feed syringe pumps fitted with
100-mL gas-tight syringes) was constant at 576 mL d* (29.4 cm d*, or 3.0 pore volumes per
day). The syringes required refilling at approximately 5-h intervals during the course of the
experiment. After several days of flow, during which time the composition of the effluent
stabilized, 350 pg L™ of **C-labeled PCE and 200 uCi L™ of *H,O were added to the synthetic
groundwater and pumping was resumed at the same rate. The PCE/®H,0O slug was added for 11



d, after which leaching continued with PCE- and °H,O-free groundwater. Beginning with the
introduction of the PCE/*H,0O slug, effluent samples were collected at 1.5-h intervals by manually
filling an air-free syringe at the column outlet. The effluent samples were analyzed for *H,0 and
YC-PCE using dua-channel liquid scintillation counting.

K} To Waste

Sampling
Port

Columns Columns

Packed with
Raw Zeolite

Packed with
SMZ

Sampling 100 mL Gas-
Port Tight Syringes

Syringe Pump Syringe Pump

Figure 3- 3 Schematic diagram of laboratory column setup for PCE transport experiments.



40 RESULTSAND DISCUSSION

Task 1.1 Information required for the National Environmental Policy Act

Approval to proceed with Phase | laboratory experiments was obtained prior to initiation
of Phase | activities.

Task 1.2 Develop laboratory production of SMZ

A. Mineralogical characterization of zeolite

The mineralogical composition of the raw zeolite is shown in Table 4-1. The material is
about 75% by weight of the zeolite mineral clinoptilolite. Preliminary work (unpublished) showed
that clinoptilolite was superior to other zeolites such as chabazite for surfactant modification due
to clinoptilolite’' s relatively high external cation exchange capacity. The St. Cloud zeoliteis also
low in smectite, which minimizes the shrink/swell behavior of the bulk material. Other
commercial sources of clinoptilolite may contain as much as 20% smectite by weight (Bowman et
a., 1995). The other major components of the St. Cloud zeolite, quartz/cristobalite and feldspar,
are nonreactive with respect to surfactant modification.

Table 4- 1 Mineralogical analysis of St. Cloud zeolite.

Weight
Mineral Percent
Clinoptilotite 74+ 4
Smectite 5+2
Quartz + 12+2
Cristobalite
Feldspar 12+2
llite 1+1

The elemental composition of the zeolite before and after surfactant treatment is shown in
Table 4-2. The percentage of inorganic components in the SMZ is somewhat reduced compared
to the raw zeolite due to the presence of HDTMA in the SMZ. An estimate of the weight percent
of HDTMA in the SMZ is given by the 3.4 % difference in the loss on ignition of the SMZ versus
the raw zeolite. Asshown by Sullivan et a. (1996), thisis an underestimate of the actual
HDTMA present on the surface, since full decomposition of zeolite-bound HDTMA does not
occur below temperatures of 400° C.

B. Determination of HDTMA sorption by zeolite

Sorption isotherms for HDTMA-Br, HDTMA-CI, and HDTMA-SO, are shown in Fig. 4-
1. Note that different sorption maxima are obtained with different HDTMA counterions: 210
mmol kg for HDTMA-Br, 151 mmol kg™ for HDTMA-CI, and 132 mmol kg™ for HDTMA-
SO,. Thedatain Fig. 4-1 emphasize the strong effect of counterion on surfactant properties. The



counterion also affects the sorption properties of SMZ for contaminants (see results under Task
1.3). Sorption of HDTMA by zeoliteisrapid. Figure 4-2 shows the sorption of HDTMA-Br as

Table 4- 2 Elemental analysis of St. Cloud zeolite before and after surfactant modification.

Weight Percent
Compound Raw Zeolite SMz
SO, 67.94 65.89
TiO, 0.23 0.19
Al,Os3 12.06 11.52
Fe,0s 1.40 1.10
MgO 1.22 1.04
Ca0 2.87 2.67
Na,O 0.62 0.67
K,0 2.87 271
Loss on Ignit. 10.51 13.79
(Trace Ba, Mn, P)
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Figure 4- 1 Sorption isotherms for HDTMA-Br, HDTMA-CI, and HDTMA-HSO, on raw zeolite.
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Figure 4- 2 HDTMA-Br sorption by raw zeolite as a function of mixing time. HDTMA-Br added at a rate of
75 % of the sorption maximum.

afunction of time. The sorption plateau is reached within severa h of mixing. Parallel
experiments showed the same sorption maximum was obtained by mixing solid-form HDTMA-Br
with dry raw zeolite, wetting to form a dlurry, and then drying. These two results (rapid sorption
of HDTMA and the ability to minimize the amount of water added for equilibration) will smplify
preparation of the multi-ton quantities of SMZ required for permeable barrier installations.

C. Preparation of HDTMA-modified zeolite

The particle size distribution of the SMZ compared to the untreated zeolite is shown in
Fig. 4-3. Theincreased percentage of finesin the SMZ indicates that some particle breakdown
occurred during the surfactant treatment. Proper selection of the particle size distribution of the
raw zeolite will result in the desired particle size distribution and hydraulic properties of SMZ for
aparticular application.
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Figure 4- 3 Particle size distribution of SMZ (treated) versus raw (untreated) zeolite.

Task 1.3 Determine effects of site-specific water chemistry on sorption of target
compounds

A. Chromate

The sorption isotherm for chromate dissolved in deionized water is shown in Fig. 4-4.
Chromate sorption iswell described by the Langmuir isotherm equation, as seen earlier for
oxyanion sorption on SMZ (Haggerty and Bowman, 1994). The isotherm shownin Fig. 4-4is
over alarge range of chromate concentrations, up to an initial concentration of 800 mgL™. The
maximum chromate saturation of the SMZ is about 14 mmol kg™* (1600 mg kg™'). No chromate
was sorbed by untreated zeolite.

Figure 4-5 shows the sorption isotherms for chromate dissolved in the smulated
groundwaters from Elizabeth City and Hanford over alower range of chromate concentrations
more typical of contaminated groundwaters. At these lower chromate concentrations, the
Langmuir isotherm is essentialy linear (Fetter, 1993). In this concentration range SMZ
effectively removed 90-95 % of the chromate from each water. Sorption from Hanford water was
about the same as from DI water, but chromate sorption from Elizabeth City water was lower.
The lower chromate sorption is consistent with the relatively high sulfate concentration of 82 mg
L in the Elizabeth City water (Table 3-1). Preliminary experiments showed that, while SMZ is
highly selective for chromate sorption, high levels of sulfate can compete. Thus the use of SMZ
as a permeable barrier may be limited if the groundwater contains high levels of sulfate. In
contrast, preliminary testing of waters with high levels of other common groundwater anions such
as ClI" and HCO; has shown little competitive effect on chromate sorption.



16

Figure 4- 4 Sorption isotherm for chromate dissolved in deionized water. The solid line is a Langmuir

isotherm fit to the data.
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The HDTMA counterion has a strong effect on chromate sorption. Figure 4-6 shows
chromate sorption by SMZ prepared with HDTMA-Br, HDTMA-CI, and HDTMA-HSO,. In
each case the raw zeolite had been treated up to the HDTMA sorption maximum (Fig. 4-1). Note
in Fig. 4-6 that the greatest chromate sorption is shown by SMZ prepared with HDTMA-HSO,,
followed by SMZ prepared with HDTMA-Cl and HDTMA-Br. The observed order of chromate
sorption is exactly the reverse order of the HDTMA sorption maxima for the different
counterions, i.e., there isless surfactant on the zeolite surface with HDTMA-HSO, or HDTMA.-
Cl, but they sorb more chromate than SMZ prepared using HDTMA-Br. The higher chromate
sorption at lower levels of HDTMA loading has implications for the economics of SMZ
production and use for specific remediation problems, as described later in this report.

Chromate sorption increases with HDTMA loading on the zeolite surface. Figures 4-7
and 4-8 show chromate sorption by SMZ prepared with HDTMA-Br and HDTMA-CI,
respectively, as afunction of HDTMA initialy sorbed on the raw zeolite. Thus maximum
chromate retention by SMZ will be achieved by adding HDTMA up to the sorption plateau for the
specific HDTMA counterion (Fig. 4-1).
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Figure 4- 6 Chromate sorption by SMZ prepared using HDTMA-Br, HDTMA-CI, or HDTMA-HSO,.
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Figure 4- 7 Chromate sorption by SMZ as a function of surface coverage for HDTMA-Br. Numbers on lines
indicate the amount of HDTMA on the zeolite surface.
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Figure 4- 8 Chromate sorption by SMZ as a function of surface coverage for HDTMA-CI. Numbers on lines
indicate the amount of HDTMA on the zeolite surface.



B. PCE

Sorption isotherms for PCE dissolved in deionized water and waters from Elizabeth City
and Oak Ridge are shown in Fig. 4-9. All the isotherms are linear, as expected for sorption of a
nonpolar organic by SMZ (Neel and Bowman, 1992; Bowman et al., 1995). Sorption of PCE
was greatest from deionized water, followed by sorption from Oak Ridge and Elizabeth City
waters. At least 85% of the PCE was removed from each water by the SMZ. No PCE was
removed by raw zeolite. The effectiveness of PCE removal (asindicated by the Ky, for each
isotherm) was related to the ionic strength of the water, with the least sorption from the higher
ionic strength Elizabeth City water (Table 3-1). This trend suggests that dissolved organic
removal by SMZ will be reduced in high ionic strength waters such as brines.

The HDTMA counterion has arelatively small effect on PCE sorption. Figure 4-10 shows
PCE sorption by SMZ prepared with HDTMA-Br and HDTMA-CI. In each case the raw zeolite
had been treated up to the HDTMA sorption maximum (Fig. 4-1). Although SMZ prepared with
HDTMA-CI uses less surfactant than SMZ prepared with HDTMA-Br, the former is at least as
effective in removing PCE from water. Figure 4-11 shows that near-maximum PCE sorption is
obtained at about half the maximum HDTMA surface coverage . These results suggest that if
SMZ is used primarily to remove organic contaminants from water, alower HDTMA surface
coverage may be used, thereby lowering the cost of the SMZ.
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Figure 4- 9 Sorption isotherms for PCE dissolved in deionized water, and in waters from Elizabeth City,
NC, and Oak Ridge, TN.
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Figure 4- 10 PCE sorption by SMZ prepared using HDTMA-Br or HDTMA-CI.

20
18 | s

16 +

14 |

12 +

10 +

Kb

O HDTMA Br-

6 o HDTMA CI-
4
2
0
0 50 100 150 200

HDTMA Surface Coverage (% of Ext. Cation Exchange Cap.)
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HDTMA-CI. K is the slope of the linear sorption isotherm at each loading rate.



Task 1.4 Determine the long-term stability of SMZ

A. Chemical stability

The results of the chemical stability tests are shown in Fig. 4-12. Results were similar
whether the SMZ was prepared with HDTMA-Br or HDTMA-CI. More than 90% of the original
surfactant treatment remained on the zeolite surface after washing with 100 pore volumes of 0.1
M Na,S;04, 1.0 M CaCl,, pH 3 buffer, or pH 10 buffer (simulating reducing, high ionic strength,
acidic, and basic groundwater conditions, respectively). Washing SMZ with 100 pore volumes of
deionized water or 5 % H,0,, simulating low ionic strength and oxidizing conditions, removed
15-20 % of the bound surfactant. It islikely that the washoff in H,O, was also aresult of the low
ionic strength of this reagent, rather than chemical oxidation. Low ionic strengths destabilize
surfactant systems whether the surfactant is in solution or sorbed to solid surfaces.

The 1.0 M CsClI solution was the most effective in removing surfactant from SMZ,
washing off 30-50 % of the original bound surfactant after 100 pore volumes. Cesium has ahigh
selectivity for cation exchange on zeolites and clays, fortunately, Cslevelsin groundwaters are
orders of magnitude lower than the 1.0 M Cs used here, and even waters highly contaminated
with **¥'Cs have sub-uM concentrations of Cs. Thus, this worst-case washoff scenario will never
be encountered in contaminated groundwaters. Extremely contaminated groundwaters are more
likely to resemble the waters shown in the left half of Fig. 4-12, which shows minor losses of
HDTMA after extensive washing. We conclude that HDTMA washoff is not likely to be a
problem if SMZ isinstaled as a permeable barrier. Furthermore, any minor amounts of HDTMA
released from the zeolite would be rapidly sorbed by clays and other cation-sorbing minerals
downgradient of the barrier.
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Figure 4- 12 Percentage of original HDTMA remaining on SMZ after washing with 100 pore volumes of
various reagents.



B. Biological stability

The results of the biological stability tests are shown in Fig. 4-13. The aerobic and
anaerobic treatments (designated A-F) are defined in Table 3-3. Note that the ordinate in Fig. 4-
13 ranges from 95-100 %. The maximum HDTMA loss (as determined by evolution of **CO,)
was 4 % from a single replicate under unsaturated, aerobic conditions (Treatment A). Most of
the individual replicates retained more than 98% of the original HDTMA after incubation for 14
weeks (aerobic conditions) or 8 weeks (anaerobic conditions). We conclude that microbial
breakdown of HDTMA under field conditionsin a permeable barrier are likely to be negligible.
Our results concur with those of Nye et a. (1994) who found that HDTMA sorbed on smectite
was resistant to microbial breakdown.

Inoculation of microcosm contents on agar plates showed that viable organisms were
present in al SMZ treatments at all times. Consistent with the known biocidal behavior of
aqueous HDTMA, little microbia activity was noted in the SMZ-free treatments (Treatments C
and D). Sorption of HDTMA on the zeolite appears to render it innocuous with respect to
microbial activity. We thus conclude that SMZ will have little if any deleterious effect on native
microbial communities. Furthermore, biological treatments such as nutrient-stimulated
biodegradation could be effectively combined with SMZ permeable barriers to provide destruction
of organic contaminants in situ.
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Figure 4- 13 Percentage of original HDTMA remaining on SMZ after incubation with activated
sludge under aerobic (14 weeks) and anaerobic (8 weeks) conditions.



C. Advanced microscale characterization of SMZ surface stability

The atomic force microscopy images showed extensive tailgroup interactions among
surfactant molecules on the zeolite surface even at coverages less than the external cation
exchange capacity (Sullivan et d., 1996). The stabilization provided by these interactions explains
the resistance of SMZ to chemical and biological breakdown. Similarly, the thermogravimetric
analyses showed that HDTMA sorbed on the zeolite surface was more resistant to degradation at
high temperatures than was pure HDTMA (Fig. 4-14). While HDTMA-Br decomposed at 232°
C, HDTMA sorbed on zeolite at low surface coverages was stable up to 334° C (Sullivan et d.,
1996).

Calorimetric analyses showed that the enthal py of sorption is dependent upon surfactant
chain length. Short-chain surfactants such as tetraethylammonium showed a small positive
enthalpy of sorption, while HDTMA showed a negative enthalpy of sorption of about -10 J meq™
(Fig. 4-15). The enthalpy of HDTMA sorption was similar whether the HDTMA was sorbed as
monomers or as micelles. This negative enthalpy of sorption is further evidence that strong
bonds are formed between HDTMA and the zeolite surface, resulting in chemical stability of
SMZ.
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zeolite.

Task 1.5 Determine the possibility of regenerating SMZ

A. Chromate

Figure 4-16 shows the efficiency of various reagents for extracting chromate from
chromate-saturated SMZ. Again, there was relatively little difference in extraction efficiency
whether HDTMA-Br or HDTMA-CI was used to prepare the SMZ. The most effective
extracting reagents were Na,COs/NaOH and sodium dodecy! sulfate, which removed 70-90 % of
the bound chromate in a single wash. The Na,COs/NaOH mixture is an inexpensive, nontoxic
reagent which could be used to regenerate SMZ ex situ or by circulation and extraction within a
permeable barrier. Sodium dodecyl sulfate, an anionic surfactant, is relatively expensive and
would be mobile if released in groundwater. Furthermore, we found that SMZ regenerated with
sodium dodecyl sulfate lost most of its ability to sorb chromate; the sodium dodecy! sulfate binds
amost irreversibly to the chromate exchange sites on the SMZ.

In contrast, SMZ regenerated with Na,COs/NaOH regained al of its sorption capacity for
chromate. Following the Na,CO4s/NaOH wash, excess carbonate was neutralized by 0.1 M HCl
(HCl isanother inexpensive, environmentally innocuous reagent which could be used ex situ or
circulated in a barrier). Figure 4-17 compares chromate sorption on the regenerated SMZ to
sorption on “virgin” SMZ (these experiments used SMZ prepared with HDTMA-Br). Chromate
is sorbed at least as effectively by the regenerated SMZ as by the origina material. We thus
conclude that chromate-saturated SMZ may be fully regenerated at least one time by using
inexpensive, environmentally acceptable reagents.
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B. PCE

Comparison of hexane extracts of PCE-saturated SMZ before and after air stripping
showed that air stripping removed 100 % of the PCE. This regenerated SMZ fully regained its
sorption capacity for PCE. Figure 4-18 shows that PCE sorption by virgin and air-stripped SMZ
isvirtualy identical. Thus smple, inexpensive air-stripping fully regenerates SMZ for sorption of
volatile organics. An air-stripping system could readily be incorporated into a permeable barrier
at the time of installation or added to the barrier at alater time.

The SMZ regenerated by Na,COs/NaOH treatment following chromate saturation also
lost none of its ability to retain PCE. Figure 4-19 compares PCE sorption on virgin versus
NaCOs/NaOH-regenerated SMZ; the isotherms before and after regeneration are virtually
identical.

These results show that SMZ can be regenerated either in situ or ex situ after saturation
with both inorganic oxyanions or volatile organics.
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Figure 4- 18 Sorption of PCE on regenerated (air-stripped) and virgin SMZ.
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Figure 4- 19 Sorption of PCE on regenerated (Na2CO3 /NaOH) and virgin SMZ.

Task 1.6 Determine the ability to predict contaminant movement through beds of
SMZ

A. Chromate

Figure 4-20 shows the ®H,0O breakthrough curves for the one column packed with
untreated zeolite and one packed with SMZ. The breakthrough curves for the SMZ columns
show evidence of early breakthrough and increased tailing compared to those for untreated
zeolite. The differencein transport of the nonreactive *H.O is most likely due to the creation of a
bimodal pore regime in the SMZ (van Genuchten and Wierenga, 1986), with the surfactant
coating partially isolating the internal (zeolitic) water from the more mobile intergranular water.

Figure 4-21 shows chromate breakthrough curves for one column of untreated zeolite and
one column of SMZ. Chromate is unretarded by the untreated zeolite, and appears in the effluent
of this column in afew hours (less than 1 pore volume). In contrast, chromate is strongly retained
by SMZ. Chromate does not appear in the effluent until about 0.5 d (4 pore volumes), and after 4
d (32 pore volumes) the chromate concentration in the effluent is only about 40 % of the input
concentration. The chromate transport behavior is generally well predicted (solid linein Fig. 4-21)
using the batch isotherm data of Fig. 4-5 and the transport parameters from the *H,0
breakthrough curve of Fig. 4-20. Chromate breaks through somewhat earlier than predicted,
however. Thisislikely the result of incomplete sorption equilibrium under the high flow rate
conditions of the column experiment. At groundwater flow velocities, which would typically be
at least one order of magnitude lower, such early breakthrough probably will not be observed.
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Figure 4- 21 Chromate breakthrough curves for columns packed with untreated zeolite and with SMZ. The
predicted line is based on the chromate sorption isotherm data of Fig. 4-5.



B. PCE

Figure 4-22 shows the ®H,0O breakthrough curves for one column packed with untreated
zeolite and one packed with SMZ. Similar to the chromate transport experiments, curves for the
SMZ columns show evidence of early breakthrough and increased tailing compared to those for
untreated zeolite.

Figure 4-23 shows PCE breakthrough curves for one column of untreated zeolite and one
column of SMZ. The decreasing PCE concentration with time in the effluent from the untreated
column reflects a decreasing input concentration due to PCE diffusion through the Teflon fluid
reservoir (Fig. 3-2). PCE is unretarded by the untreated zeolite, and appears in the effluent of this
column within half aday (lessthan 1 pore volume). In contrast, admost no PCE has eluted from
the SMZ column after amost two days (more than 6 pore volumes). The maximum PCE
concentration in the SMZ column never exceeds 50% of the influent concentration, and after
more than 30 pore volumes about 30 % of the PCE is still retained in the SMZ column.
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Figure 4- 22 Tritium breakthrough curves (raw count values) for columns packed with untreated zeolite and
with SMZ (PCE experiment).
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5.0 ECONOMIC ANALYSIS

Table 5-1 summarizes the properties and costs of HDTMA available from various
commercia suppliers. Thereisalarge variation in the cost per unit of HDTMA active ingredient
among the various brands. The HDTMA-CI materials Carsoquat and Ammonyx are the least
expensive per unit of HDTMA, with a cost of about $3.65 Ib™ of active ingredient. The SMZ
prepared with HDTMA-CI was also about 50% more effective in sorbing chromate than was
SMZ prepared with HDTMA-Br (Table 5-1, and Figs. 4-7 and 4-8) and as effective in sorbing
PCE (Figs. 4-10 and 4-11). In addition, lessHDTMA-CI isrequired to prepare SMZ with
maximum sorption capacities for these contaminants (Table 5-1).

At amaximum HDTMA loading rate of 150 mmol kg™, SMZ is about 4 % HDTMA by
weight. Thus, about 80 Ib of HDTMA as HDTMA-CI would be required to produce aton of
SMZ. Assuming acost of raw, sized zeolite of $60-$100 ton™, and a cost of $3.65 Ib™ for
HDTMA, materials cost for SMZ would be in the range of $350-$400 ton™. The costs of
combining the HDTMA and the zeolite, plus drying, should add no more than 20% to the
materials cost (P.S. Freeman, St. Cloud Mining Co.). Accordingly, SMZ ready for installation in
apermesble barrier can be produced for less than $500 ton™.

Since the density of SMZ is about 1 g cm, the cost per unit volume would be about $10
to $15 ft2.  The unit weight and volume cost of SMZ islow compared to activated carbon
(severa thousand dollars per ton), ion exchange resins (several hundred dollars per cubic foot)
and zero valent iron ($300-350 ton™, or about $30 ft™* because of the high iron filing density of
2.5-2.9gcm?®). Thus SMZ appears economically competitive as a permeable barrier material. It
also has potential as an alternative sorbent for a variety of other environmental applications,
including pump and treat systems and leachate concentration systems, particularly where multiple
water contaminants are present.

Table5-1 . Commercial sources, properties, and costs of HDTMA.

HDTMA Trade Name

Rhodaguat  Bromat V arisoft Carsoquat Dehyquat Ammonyx

Physical form solid solid liquid liquid liquid liquid
Counterion Br Br Br cr Cl- Cl-
Price ($/Ib. HDTMA) 7.21 9.65 6.38 3.59 8.52 3.81
Price ($/mol HDTMA) 5.79 7.75 5.12 2.53 6.01 2.69
HDTMA sorption 193 191 195 154 152 146
(mmol/kg)

Chromate sorption 11 11 11 16 16 16

maximum (mmol/kg)



6.0 CONCLUSIONS

A. Results of Phase |
All of the tasks of Phase | have been successfully completed or are in the process of being
completed. Specifically, we showed that:

1. Large quantities of SMZ can be produced with simple mixing equipment to
prepare a material with good sorbent properties for soluble organics and metal anions.

2. Surfactant-modified zeolite retains its contaminant sorption properties in waters
from different sources which vary inionic strength, pH, and the presence of potentially competing
species. The sorption properties for PCE are little affected by the other components of the water.
The sorption of chromate can be reduced in the presence of other multivalent anions such as
sulfate, but SMZ shows a strong preference for chromate even in this situation.

3. Surfactant-modified zeolite is stable under extreme conditions of water chemistry
and biological activity. Little surfactant was removed from the surface under oxidizing, reducing,
high or low pH, or high ionic strength conditions. SMZ was virtually unaffected by microbial
activity under aerobic or anaerobic conditions.

4, Surfactant-modified zeolite saturated with PCE or chromate can be completely
regenerated and attain its original sorption capacity for these contaminants.

5. The transport of chromate and PCE through packed beds of SMZ should be
predictable. Since PCE shows linear sorption on SMZ, and chromate shows Langmuir-type
sorption, their transport behavior can be predicted using standard models such as CXTFIT
(Toride et a.) and MOC (Konikow et a.). The validation of our predictionsis currently
underway.

B. Preliminary Results for Phase 11

Based upon the success of Phase | we are proceeding with Phase Il of the proposed Scope
of Work, Pilot-Scale Testing of Barrier Technology. This pilot-scale testing can be performed in
alarge, highly controlled test bed or as a small-scale installation at an actual contaminated site.

Severa potential test-bed facilities have been identified (Task 2.2). Test bed facilities at
Los Alamos National Laboratory and at the University of Wyoming are suitable for Phase I1;
investigators at each of these facilities have provided acceptable cost quotations for the required
work. A suitable facility is also available at the Oregon Graduate I ngtitute; the Project Manager
has arranged a site visit to this facility.

A small-scaefield ingtalation for Phase || would offer the advantage of testing barrier
installation and monitoring procedures under actual field conditions. The disadvantage would be
uncertainties associated with obtaining the required permits in a time frame consistent with Phase
Il scheduling and budget. The managersin charge of DOD’s proposed national technology test
site at Dover Air Force Base, DE, have expressed a willingness to work with the Project Manager
ininstalling a pilot-scale SMZ permeable barrier. DOD would provide logistical support
(monitoring, field-site characterization) at Dover. We will continue to investigate this option.
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8.0 LIST OF ACRONYMS

CERCLA Comprehensive Environmental Response, Compensation, and Liability Act of 1983

DOD Department of Defense

DOE Department of Energy

GC Gas chromatography

HPLC High performance liquid chromatography

HDTMA Hexadecyltrimethylammonium, a cationic surfactant

Ko Linear sorption coefficient

Kow Octanol/water partition coefficient

PCE Perchloroethylene

RCRA Resource Conservation and Recovery Act of 1976

SARA Superfund Amendments and Reauthorization Act of 1986

SMZ Surfactant-modified zeolite
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